Summary
Introduction
Association of mercaptans with hepatic failure has been known for a long time (Challenger & Walshe, 1955a,b; Chen, Zieve & Mahadevan, 1970) . In rats, mercaptans have been shown to cause reversible coma and they can also enhance the toxicity of ammonia and fatty acids in concentrations similar to those found in the plasma of rats in hepatic coma after acute massive necrosis of the liver (Zieve, Doizaki & Zieve, 1974) . Mercaptans have thus been implicated in the aetiology of hepatic coma and it has been proposed that they play a role in augmenting the toxic effects of ammonia in human hepatic failure Zieve & Nicoloff, 1975; Zieve, 1975) .
Little is known about the biochemical basis of the toxic effects of mercaptans, but they have been described as inhibiting rat brain Na+ + K+-dependent ATPase (EC 3.6.1.3) (Foster, Ahmed & Zieve, 1974; Quarfoth, Ahmed, Foster & Zieve, 1976) and of some haemoproteins such as catalase (EC 1.11.1.6) and peroxidase (EC 1.11.1.7) (Miller, Guthrie & Denny, 1936; Waller & Recknagel, 1976) .
We have studied the effects of mercaptans on some metabolic processes on suspensions of rat hepatocytes, which constitute a uniform preparation of considerable metabolic activity and stability with well-defined properties (Berry & Friend, 1969 ; Krebs, Cornell, Lund & Hems, 1974) . We have also used preparations of isolated rat-liver and rat-brain mitochondria to study the effects of mercaptans on oxidative metabolism.
Methods and materials
Hepatocytes from 18-24 h-starved rats were prepared as described by Berry & Friend (1969) as modified by Meijer, Gimpel, DeLeeuw, Tager & Williamson (1975) . Incubations were performed in a shaking water bath at 37OC in sealed plastic 25 ml Erlenmeyer flasks in a final volume of 2.5-4 ml of Krebs-Ringer medium (Krebs & Henseleit, 1932) , pH 7.4, containing 2.5% (w/v) dialysed albumin (fraction V; Sigma Chemical Co., St Louis, MO, USA.). The gas atmosphere was 0, + CO, (95 : 5, v/v). The cell concentration was 5-10 mg dry weight/ml. Sampling of the cells, deproteinization with HC10, and neutralization of the extracts was carried out as described previously (Meijer et al., 1975) .
Leakage of lactate dehydrogenase (EC 1.1.1.27) from the cells was used as an estimate of cell integrity. At the end of the incubations the cells were centrifuged at 500 g for 2 min and the activity of the enzyme in the extracellular fluid was measured (Bergmeyer, 1970) . This value was compared with the activity of lactate dehydrogenase released after lysis of the cells with Lubrol WX (0.3 mg/mg dry weight of cells) (Zuurendonk & Tager, 1974) .
Liver mitochondria were isolated from fed rats by the method of Hogeboom (1955) as described by Myers & Slater (1957). Incubations were carried out at 25OC in 25 ml Erlenmeyer flasks in a medium (1 ml) containing the following standard components: Tris/HCl, pH 7.4 (50 mmol/l), KCl (15 mmol/l), EDTA (2 mrnolh), MgCl, (5 mmol/l) and potassium phosphate (25 mmoV1). The gas atmosphere was air and the flasks were sealed with a rubber septum. Oxygen was determined polarographically with a Clark-type oxygen electrode (Oxygraph) (Meyvis and Co., b.v., Bergen op Zoom, The Netherlands); the volume of the incubation mixture was 1.6 ml. The reaction mixture was the same as described above.
Brain mitochondria1 preparations were prepared by the method of Clark & Nicklas (1970), the final The concentrations of mercaptans (ethanethiol and methanethiol) in the incubation media were always determined in control flasks in which the addition of hepatocytes or mitochondria was omitted. These blank flasks were run in parallel with the other incubation flasks. At the end of the incubations, a sample (0.05 ml) of the incubation medium was withdrawn from the blank flask with a syringe through the rubber septum. The sample was immediately injected into 3 ml of a solution containing 5,5'-dithiobis(2-nitrobenzoate) (0.02 mmol/l) and potassium phosphate (20 mmoVl), pH 8.0, and the mercaptan was determined as described by Ellman (1959).
Ethanethiol was also measured by gas chromatograph (Varian, model 3700) with a flame ionization detector and a 3% OV-17 Chromosorb W HP 100-120 column (Chromopack, Middelburg, The Netherlands). The column temperature, the injection port temperature and the detection temperature were 40", 150" and 180°C respectively. The two determinations agreed within 5%.
Dimethyl sulphide was measured by gas chromatography with the same column as for ethanethiol.
Materials
Enzymes, coenzymes and intermediary metabolites were purchased from Boehringer Mannheim, Gmbh, Mannheim, Germany or from Sigma Chemical Co.
Hexokinase (EC 2.7.1.1) was dialysed against potassium phosphate buffer (10 mmol/l), pH 7.4, to remove ammonia. Collagenase (EC 3.4.24. 3) was obtained from Worthington Biochemical Corp., Freehold, NJ, U.S.A. 5,5'-Dithiobis(2-nitrobenzoate) was obtained from Fluka AG, Buchs SG, Switzerland. Ethanethiol and dimethyl sulphide were from British Drug Houses Ltd, Poole, Dorset, U.K. Methanethiol was obtained from Merck-Schuchardt, Munich, Germany. Lubrol WX was obtained from Imperial Chemical Industries Ltd, Cheshire, U.K.
A stock solution of methanethiol was prepared at O°C in KOH solution (100 mmol/l) at a concentration of 50 mmol/l. The effects of methanethiol were always controlled by adding the same volume of KOH (100 mmolll) instead of the alkaline solution of methanethiol. These additions had no effect on the processes studied.
The results presented in the Tables and Figures  are, 
Results

Effect of ethanethiol and dimethyl sulphide on gluconeogenesis and ureogenesis in rat hepatocytes
In isolated hepatocytes, using ethanethiol rather than methanethiol as the latter compound was highly volatile, we studied the effect of ethanethiol on gluconeogenesis from lactate (Table 1) . Ethanethiol was added, either with lactate alone or with lactate plus octanoate to accelerate gluconeogenic flux (Soling & Kleineke, 1976) . Ethanethiol at the concentration used (0.3 mmol/l) inhibited glucose production under both conditions (P < 0-Ol), although its effect was more marked in the presence of octanoate. The inhibition of glucose synthesis by ethanethiol under both conditions was associated with a slight fall in cellular ATP (P < 0.05), and with an increased mitochondrial reduction, as indicated by the 3-hydroxybutyrate/acetoacetate ratio (P < 0.01). There was no change in the total amount of ketone bodies produced. There was no significant leakage of lactate dehydrogenase from the cells, -so that disintegration of cells did not cause the inhibition of gluconeogenesis by ethanethiol. In two other experiments concentrations of ethanethiol higher than 0.3 mmol/l were also used. Ethanethiol, in concentrations of 2 mmol/l or higher, caused the cells to disintegrate, presumably because of too severe ATP depletion, since cellular ATP decreased by 50% or more under these conditions.
Ureogenesis from either ammonia (in the presence of lactate) or from alanine was also sensitive to inhibition by ethanethiol (Table 2) . Dimethyl sulphide, in contrast to ethanethiol, had no significant effect on either glucose or urea synthesis (Table 2) . That urea synthesis with alanine as substrate is slower than ammonia plus lactate was found by Krebs, Lund & Stubbs (1976) .
Effect of ethanethiol and dimethyl sulphide on mitochondrial metabolism
In rat-liver mitochondria ethanethiol inhibited the oxidation of glutamate, of succinate (plus rotenone) and of ascorbate plus NNN'N'-tetramethyl-p-phenylenediamine (TMPD), either in the presence of ADP and P, or in the presence of the lb) i .
uncoupler 2,6dinitrophenol (Fig. 1) . In all cases 50% inhibition of respiration was obtained at a concentration of about 1-2 mmol of ethanethiovl. The inhibitory effect of ethanethiol on respiration appeared to be freely reversible, as after washing of the mitochondria with sucrose solution (0.25 mol/l) and resuspension in the incubation medium without inhibitor, electron-transport activity, with either ADP and PI or 2,4-dinitrophenolY was fully restored.
Since these results indicate that ethanethiol at least inhibits electron transfer in the terminal part of the respiratory chain, we compared the effect of ethanethiol on the oxidation of glutamate plus malate with that of Na,S, a known inhibitor of cytochrome c oxidase (Fig. 2) . Ethanethiol (2 mmol/l) and Na,S (50 pmoV1) inhibited aspartate production from glutamate equally (Fig. 2a) , and both inhibitors brought about reduction of mitochondrial NAD (Fig. 2b) .
Taken together, the results of Figs. 1 and 2 provide strong evidence in favour of cytochrome c oxidase as a target for the inhibitory action of ethanethiol.
Mitochondrial electron transfer was far less sensitive to dimethyl sulphide than to ethanethiol. In a typical experiment, ethanethiol at 5 mmol/l inhibited oxidation of succinate in the presence of ADP and PI by 8595, whereas the same concentration of dimethyl sulphide caused only a 15% inhibition of respiration under the same conditions. Direct proof that cytochrome c oxidase is inhibited by ethanethiol was obtained when the inhibitor was tested on the isolated enzyme. Ethanethiol appeared to be a non-competitive inhibitor of cytochrome c oxidase isolated from ox heart (Fig. 3a) , with a K, of 90 pmol/l (Fig. 3b) . In five similar experiments the Kl value ranged from 85 to 96 pmol/l.
In order to study the effects of ethanethiol on other segments of the respiratory chain the experiments of Table 3 and Fig. 4 were carried out. ethanethiol was added in the presence of cyanide no effect on the rate of reduction of NAD+ by succinate was observed. Thus again these results show that ethanethiol inhibits electron transfer in the terminal part of the respiratory chain; they also show that ethanethiol does not affect electron flow between succinate and NAD+. We also studied the effect of methanethiol, which has a much higher potency in inducing coma in rats than ethanethiol . Methanethiol also inhibited cytochrome c oxidase and inhibited purified cytochrome c oxidase noncompetitively with a K, value of 5 ,umol/l, and at a concentration of 120 yrnolll caused 50% inhibition of respiration in intact liver mitochondria with succinate as the substrate, in the presence of ADP
and Pi.
We finally tested both ethanethiol and methanethiol on electron transfer in rat-brain mitochondria ( Table 4) . As with liver mitochondria, the two mercaptans inhibited respiration, methanethiol being Effect of ethanethiol on succinate-cytochrome c reductase activity in a Keilin-Hartree heart-muscle preparation. Heart-muscle preparation (0.8 mg of protein) was incubated at 2OoC in a medium (2 ml) containing sucrose (250 mmol/l), Tris/HCI (50 mmoVI), pH 7.4, potassium succinate (20 mmol/l) and KCN (1 mmoV1). After 5 min, ethanethiol was added at the concentration indicated below followed 1 min later by the ad$Jion-of cytochrome c (final concentration 20 ymolll) as shown by the arrows. In (e) a second addition of cytochrome c was made to the same cuvet. Reduction of cytochrome c was followed spectrophotometrically at 550 nm. The shift in absorbance due to oxidized cytochrome c upon its addition has been omitted from the Figure. Ethanethiol was added at the following concentrations: (a) 0 mmoV1; (b) 0.5 mmoV1; (c) 1.25 mrnoVl; (d) 2.5 mmol/l; (e) 5 mmol/l. Almost identical results were obtained in a similar experiment with a separate heart-muscle preparation.
the more effective inhibitor. Although the brain mitochondrial preparation that we used was certainly contaminated with synaptosomes this does not invalidate the results obtained since substrate oxidation by oxygen is a mitochondrial function only.
Discussion
Our results clearly show that ethanethiol and methanethiol, but not dimethyl sulphide, inhibit mitochondrial electron transfer in the terminal part of the respiratory chain. Although cytochrome c oxidase is one target for the inhibitory action of mercaptans, the results of Fig. 4 suggest that ethanethiol also forms a complex with oxidized cytochrome c. Such an effect has been reported for cyanide and also for a i d e , another inhibitor of cytochrome c oxidase (Horecker & Stannard, 1948) . Inhibition of mitochondrial electron transfer by mercaptans is a satisfactory explanation (see Fig.   2 ) for the inhibition of mitochondrial glutamate oxidation by mercaptans, as reported by Waller & Recknagel(l976).
Rat-brain mitochondria were incubated in a medium containing the standard components, methanethiol or ethanethiol at the concentrations indicated and either glutamate (10 mmoV1) plus malate (10 mmoV1) or succinate (10 mmoV1) plus rotenone (1 mg/l). After 2 min, ADP was added in a final concentration of 2 mmoV1. It is very likely that electron-transfer inhibition by ethanethiol was responsible for the observed inhibition in hepatocytes of energy-requiring processes such as gluconeogenesis and ureogenesis. Evidence in favour of this interpretation was given by the fall in intracellular ATP caused by ethanethiol and the increase in the mitochondrial reduction state, as indicated by the p-hydroxybutyrate/acetoacetate ratio (Table 1) . Walshe, De Carli & Davidson (1958) failed to observe any inhibitory effect of methanethiol on respiration in rat-brain slices at concentrations up to 2 mmol/l. However, as pointed out by Walshe et al. (1958) , solutions of mercaptans are very difficult to handle and uncertainty therefore exists about the actual concentration of methanethiol used in their experiments. In our hands, mercaptans such as ethanethiol and methanethiol completely disappear from stock solutions (20-50 mmol/l) in a few hours if the bottles in which the stock solutions are stored are not properly closed. Furthermore, since Walshe et al. (1958) measured oxygen uptake in Warburg flasks it is very likely that the majority of the methanethiol added was present in the gas phase and not in the incubation medium itself. In our hepatocyte incubations, carried out in 25 ml stoppered Erlenmeyer flasks and an incubation volume of 1-4 ml, 90% or more of the ethanethiol added was present in the gas phase (see also Quarfoth et al., 1976) . For this reason we always measured the actual concentration of ethanethiol in the incubation medium.
The inhibitory effects of ethanethiol and methanethiol on mitochondrial electron transfer is reminiscent of that of British anti-Lewisite (BAL, 2,3-dimercaptopropanol; Slater, 1949) , although there are differences in inhibitory properties between the two compounds. BAL inhibits electron transport between cytochromes b and c, but has little effect on cytochrome c oxidase (Slater, 1949) . Inhibition of electron transfer by BAL is irreversible and is not immediate, but requires considerable time to set in. In contrast, inhibition of mitochondrial electron transfer by ethanethiol and methanethiol occurs within seconds. Furthermore, ethanethiol inhibits both the succinate-cytochrome c region (presumably because it binds to oxidized cytochrome c, see Fig. 4 ) and cytochrome c oxidase. It is unlikely that ethanethiol binds to reduced cytochrome c. If this were the case the inhibition of cytochrome c oxidase by ethanethiol would have been competitive. Instead, as shown in Fig. 3 , a noncompetitive inhibition was observed.
Inhibition of mitochondrial electron transfer is not the only known toxic effect of mercaptans. Foster et al. (1974) reported reversible inhibition of brain Na+ + K+-dependent ATPase by mercaptans with methanethiol as the most potent inhibitor, followed by ethanethiol and dimethyl sulphide. They suggested that this effect may be involved in the onset of hepatic coma. The inhibitory effects of ethanethiol on gluconeogenesis in isolated hepatocytes are unlikely to be due to inhibition of the Na+ + K+-dependent ATPase, as in control experiments addition of ouabain did not affect gluconeogenesis under conditions where addition of ethanethiol considerably depressed glucose production.
From previous studies it is not clear whether decreases in cerebral oxygen consumption and cerebral glucose utilization precede or are secondary to hepatic coma (Fischer & Baldessarini, 1976) . It is conceivable, however, that the depression in brain energy metabolism, which is observed in hepatic coma (Maiolo, Bianchi Porro, Galli, Sessa & Polli, 1971) , is caused, at least in part, by the combined inhibitory action of mercaptans on the Na+ + K+-dependent ATPase (Foster et al., 1974) and on mitochondrial electron transfer. It is important to note that the difference in inhibitory potency of methanethiol, ethanethiol and dimethyl sulphide (in .order of decreasing effectiveness) in relation to mitochondrial electron transfer was also found with regard to their effects on rat-brain Na+ + K+-dependent ATPase (Foster et al., 1974) and this is in agreement with the difference in coma-producing properties of the three compounds (Zieve et al., 1974) . Bessman & Bessman (1955) suggested that ammonia is toxic to the brain as it affects brain energy generation by depletion of the citric acid cycle, by removal of a-oxoglutarate for glutamate synthesis. This theory, however, is not generally accepted (Hindfelt & Siesjo, 1971 (Bessman & Pal, 1976) .
Even when depletion of the citric acid-cycle intermediates does not take place, because of an increased rate of CO, fixation (Berl, 1971 ), diversion of a-oxoglutarate from the citric acid cycle into glutamate and glutamine in itself gives rise to a considerable loss of energy generation (Clarke, 1971) . Hindfelt, Plum & Duffy (1977) proposed that cerebral dysfunction in ammonia intoxication may be due to inhibition of flux through the malateaspartate cycle catalysing transfer of glycolytic NADH from cytosol to mitochondria, as they found a reduction in glutamate and aspartate.
Whatever the mechanism by which ammonia affects brain energy metabolism, it can be postulated that partial inhibition of mitochondrial electron transfer by mercaptans will make brain mitochondria more susceptible to the toxic effects of ammonia. This would explain the observation that niercaptans enhance the capacity of ammonia to induce coma in rats and vice versa . Furthermore, when a small dose of methanethiol is given to rats the blood concentration of ammonia resulting from a specific dose of an ammonium salt is greatly enhanced . Mercaptans may interfere with the conversion of ammonia into urea in the liver. Such a result is to be expected if mercaptans interfere with mitochondrial electron transport in the liver. Indeed, inhibition of urea synthesis by ethanethiol (and not by dimethyl sulphide) was observed in our isolated hepatocytes.
In summary, we suggest that the inhibition of mitochondrial electron transfer by ethanethiol and methanethiol in brain may be relevant to the mechanism by which energy production in brain is depressed during hepatic coma.
